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I. INTRODUCTION 
The germination of the seed and emergence of the seedling following 
planting can be considered the first major limiting phase in a plant's 
development. The successful establishment of an adequate stand is 
dependent upon a rapid and uniform emergence of seedlings. Factors which 
affect this rapidity or uniformity must therefore be examined in order 
to determine their relative contribution to stand establishment and the 
possibilities for their control or manipulation. 
In soybeans, an epigeal emerger, the sole seedling organ responsible 
for elevating the cotyledons and epicotyl to the soil surface is the 
hypocotyl. Factors affecting the elongation of the hypocotyl have not 
been well-studied with the possible exception of toil temperature. 
Because an epigeal emerger like the soybean must drag two bulky cotyledons 
through the soil toward the soil surface, it would seem that the resis­
tance to hypocotyl elongation offered by the soil itself would be a 
primary limiting factor affecting emergence. Yet, no quantitative or 
even descriptive data have been reported in the literature for the 
response of soybean seedlings, and particularly hypocotyls, to soil resis­
tance. It was the purpose of this research to investigate soybean 
hypocotyl growth under simulated resistance conditions in the laboratory 
as well as under normal field planting conditions. A further goal was 
to incorporate the resistance factor as a variable in a regression model 
for hypocotyl elongation. 
Chapter II of this dissertation reports investigations on soybean 
hypocotyl growth under resistance conditions developed in the laboratory 
2 
using a vertical axial loading apparatus similar to types previously 
reported, but modified to allow a large number of seedlings to be evalu­
ated. Using this system, the effects of cultivar, seed size, and tempera 
ture on hypocotyl elongation and radial enlargement in intact seedlings 
under variable downward force levels were examined. 
Chapter III examines soybean hypocotyl growth — particularly 
elongation and radial enlargement — under normal field conditions 
following planting. Hypocotyl growth of several cultivars and seed 
sizes at several depths and planting dates was measured. 
Chapter IV reports the development of a regression model for soy­
bean hypocotyl elongation based entirely on data obtained under field 
conditions. Specifically, the contribution of soil resistance as a 
variable in the model was examined, but soil temperature and moisture, 
as well as hypocotyl length were also included as variables. A cone 
penetrometer for measuring soil resistance was developed. 
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II. EFFECT OF ODÛmiAfiiD FORCE ON SOYBEAN HYPOCOTYL GROWTH 
A. Literature Review 
The elongation of the hypocotyl of the soybean seedling Is a primary 
limiting process occurring between germination of the seed and elevation 
of the cotyledons and epicotyl above the soil surface. Factors affecting 
hypocotyl elongation in soybeans have not been well-studied with the 
exception of soil temperature (18, 20, 22). Soil resistance as a factor 
has not been examined. It would be expected that soil resistance may 
particularly affect emergence in an epigeal emerger like the soybean 
because the hypocotyl must drag two bulky cotyledons through the soil, 
whereas In hypogeal emergers, the sole organ which must penetrate through 
the soil tfr thef^urface ts the elongating organ itself (coleoptlle or 
epicotyl). 
There are several reports in the literature of the effect of soil 
resistance on seedling growth and emergence. The effect of soil strength 
on emergence percentage of sorghum, com, onions, barley, wheat, switch-
grass, and rye was studied by Parker and Taylor (27) and Taylor, Parker, 
and Roberson (31) who found that an Increase in soil strength as measured 
by a penetrometer was generally associated with a decrease in emergence 
percentage. In cotton. Gamer and Bowen (17) found that increased soil 
compaction levels decreased rapidity of emergence and increased hypocotyl 
diameters. In the same species, Wanjura and Buxton (35) noted a 
decrease in rate of hypocotyl elongation and total hypocotyl length as 
well as an increase in hypocotyl diameter with increasing levels of 
physical impedance (.23 to 3.36 kg/cmf). 
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Various laboratory devices have been employed to measure seedling 
growth under conditions of physical Impedance. Johnson and Henry (23) 
found that sprout length In com decreased as pressure applied to a 
specially-constructed triaxial cell Increased. Goeschi, Rappaport, and 
Pratt (19) mounted pea seedlings in foam neoprene stoppers within glass 
cylinders and obstructed the growth of the $|)1cotyl with glass beads. 
Epicotyl lengths decreased and diameters Increased with Increased physi­
cal stress. Similarly, Sedgley and Barley (29) developed a loading 
apparatus for epicotyls of Vicia faba var. minor Beck. The apparatus 
consisted of glass cylinders containing pistons weighted with lead shot 
and elevated by the elongating epicotyl. Again, epicotyl lengths 
decreased and diameters Increased with an Increased load. In soybeans, 
the complete mechanical Inhibition of hypocotyl segment elongation by 
confinement of the section In a tissue holder was accompanied by Increased 
radial enlargement over controls (32). 
Although the literature cited here clearly substantiates shoot 
length and diameter changes with physical Impedance, there has been 
little correlation of the lab data with field data and no general 
predictive equations for rates of elongation or swelling under a given 
impedance level, with the exception of the cotton emergence model of 
Wanjura et al. (33, 37). An Interest in studying soybean hypocotyl 
growth under varying resistance conditions stems from the general 
observation that hypocotyls from field-grown seedlings are stunted in 
length and have larger diameters than those commonly measured in the 
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laboratory under minimal resistance conditions. Since rate of hypocotyl 
elongation will influence rapidity of emergence and amount of radial 
enlargement will affect the ability of the seedling to support a load 
(as in a crusting situation), this study was undertaken to gain a quan­
titative understanding of these two measurements in commonly-grown 
soybean cultivars when subjected to physical resistance to hypocotyl 
elongation. The effects of seed size and temperature on these measure­
ments were also studied. 
B. Materials and Methods 
Seed for the studies was secured from the Committee for Agricultural 
Development, Ames, Iowa, and was harvested during the 1975 season. 
An apparatus for applying a downward force to the apical hook of a 
soybean seedling was modeled after similar devices of Sedgley and Barley 
(29), Goeschi, Rappaport, and Pratt (19) and Arndt (2) and is diagrammed 
in Figure 1. A seedling was mounted with Permagum (Virginia Chemicals 
Inc., West Norfolk, Va.) on a #12 rubber stopper resting on a 150 ml 
beaker filled with distilled water. Surrounding the seedling was a 
cylinder consisting of two fused 30 cc Plastipak (Becton, Dickinson and 
Company, Rutherford, N.J.) syringe barrels. A piston supporting a load 
of 0 to 100 g force (for convenience, the metric gravitational system of 
units is used throughout this dissertation) was made from two fused Plas­
tipak syringe plungers with tips removed. The apical hook of the seedling 
contacted the piston by pressing against a stainless steel screen. 
Seedlings for the apparatus were grown using the paper towel 
technique of Burris and Fehr (13). Twenty-five seeds were oriented per 
Figure 1. Apparatus used to apply a downward force to 
soybean seedlings 
load 
syringe plungers 
syringe barrels 
clamp 
stainless steel screen 
coarse sand 
mounting medium 
- rubber stopper 
150 ml beaker 
HgO 
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towel such that radicle protrusion was downward initially and a distinct 
apical hook was formed. Towels were placed in plastic waste buckets in a 
dark chamber at constant temperature (19, 25, 31 C) until hypocotyl 
lengths averaged 2.5 cm and radicle lengths averaged 7.0 cm. This 
occurred at 96 hours for 19 C, 72 hours at 25 C, and 60 hours at 31 C. 
At these times, seedlings were selected with hypocotyl lengths of 2.0-
2.5 cm and radicle lengths of 6.0 - 8.0 cm. Appro*fi»tely 10% of the 
seedlings originally planted were selected for use. Residual seed coats 
were removed and seedlings were then mounted in the apparatus with the 
radicle-hypocotyl junction positioned in the Fermagum. Coarse sand 
("San'box Sand," Demco, Inc., West Des Moines, la.) was added up to the 
tip of the apical hook after which the seedlings were allowed to equili­
brate in the new environment for 8-12 hours without being loaded. Sand 
was then again added up to the tip of the hook, and pistons with assorted 
weights were added. Initial height of the piston was recorded on the 
cylinder. Sand was added below the screen at 8 hour intervals to give 
the seedling adequate lateral support. Preliminary studies indicated 
that addition of sand for lateral support did not affect hypocotyl 
elongation or radial enlargement. Piston height was recorded at regular 
intervals, and the seedlings were grown until the controls reached the 
top of the cylinder. At the end of the growth period, seedlings were 
individually harvested, and hypocotyl lengths and fresh weights were 
measured. Only the portion of the hypocotyl which extended above thè-
initial level on the loading cylinder was measured. Fresh weight per 
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unit hypocotyl length (swelling index) was chosen as a measure of hypo­
cotyl radial enlargement since it was averaged across the entire length 
of the hypocotyl and because it eliminated the inherent inaccuracies of 
measuring hypocotyl diameters with a machinist's micrometer (17). A 
factor for converting swelling index to hypocotyl radius can be computed. 
If the hypocotyl is assumed to be a cylinder with volume =n(radius)2 
X height and the density of hypocotyl tissue is assuned to be 1000 mg/cm^, 
then 
-2 ' 1 ^ I'G^ _ fresh weight (mg) 
* ir 1000 mg length (cm) 
= .000318 X swelling index 
or r(cm) = .01784 (swelling index)^^^. 
Seedling weight data were comparable to those normally obtained in the 
paper towel technique of Burris and Fehr (13) and indicated normal 
seedling growth was not impaired by the loading apparatus. Additional 
aeration of the seedling roots was accompanied by no change in root 
length or weight (data not shown). 
All of the above procedures were performed in a growth chamber 
maintained at the desired temperature. A single 15 watt light source 
covered with 9 layers of blue, green, and yellow cellophane was used 
during the seedling-mounting, sand-pouring, and piston height-measuring 
operations. 
The advantages of this apparatus were its facility of operation, 
low cost, and easy replication — 72 separate chambers were prepared. 
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The large number of chambers permitted a wide range of treatments to be 
tested at the same time, a definite statistical advantage over the devices 
of other authors. In addition, seedling development could be monitored 
for a relatively long time period, including the major portion of the 
hypocotyl elongation phase of seedling growth. 
Three separate experiments were performed. In the first experiment, 
five force levels were used. Six seedlings each of cultivars 'Amsoy 71' 
and 'Corsoy' were placed under each force level, and the experiment was 
replicated three times. Seed for this study was selected by passage 
through a 6.3 mm, but retention on a 7.1 mm, round-holed screen. In the 
seed size study, three seed size levels of Corsoy and Amsoy 71 were 
subjected to three force levels. Four replications of four seedlings 
were used for each force level. Large seed for this experiment was 
selected by passage through a 7.1 mm, but retention on a 6.7 mm, round-
holed screen, whereas small seed passed through a 6.0 mm, but was 
retained on a 5.6 mm, rcynd-holed screen. Mean dry weight for large 
seed was 184 mg/seed for Corsoy and 199 mg/seed for Amsoy 71; for small 
seed, average weights were 113 mg/seed and 117 mg/seed, respectively. 
Half-seed was prepared by excising cotyledons of the large seed size 
level as described by Burn's and Knittle (11). In an experiment 
designed to examine temperature effects on the response to resistance, 
three temperatures were used as whole plots with two replications per 
whole plot. In each replication, ten seedlings of cultivar 'Wayne' were 
placed under each of three force levels. Each replication was terminated 
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when the hypocotyls of the 0 g force level were of the same length as 
previous replications. This occurred at 120 hours at 19 C, 96 hours at 
25 C, and 70 hours at 31 C. The seed used in this experiment was the 
same size as the large seed in the seed size study. 
Regression equations for hypocotyl length, hypocotyl swelling, and 
hypocotyl elongation rate were developed by using the minimum improve­
ment technique (6) in which the "best" one-variable, two-variable, . . . , 
n-variable equations were found. The "best" equation was defined as that 
with the largest R^. The number of variables included in the reported 
regression equations was the largest possible without a non-significant 
(P = 0.05) partial F-test for a b coefficient. 
C. Results 
Figure 2 presents hypocotyl length and swelling index data for 
Corsoy and Amsoy 71 seedlings grown under various force levels for 96 
hours at 25 C, Changes in hypocotyl length of both cultivars decreased 
as the force applied during the growth period increased. Conversely, 
hypocotyl diameter (as measured by the swelling index) increased with 
increasing downward force. The cultivar differences in hypocotyl length 
and diameter at minimal resistance levels were expected, as previous 
research has shown that 25 C is an inhibitory temperature for Amsoy 71 
hypocotyl growth (18, 20, 28). Ratios of Amsoy 71 to Corsoy hypocotyl 
lengths at the 0 and 100 g force levels were .42 add ^ respectively,^ 
indicating a lack of interaction between the response to resistance 
and the response to temperature. Regression equations for swelling index 
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and hypocotyl length for the two cultivars under downward force (F) are 
presented in the following equations: 
(1) Amsoy 71 swelling index = 50.5 + .722F - .00291F2. r2 = .97. 
(2) Amsoy 71 hypocotyl length * 7.222 - .0778F + .000303F2. R2 = .88. 
(3) Corsoy swelling index * 36.3 + .693F - .00164F2. R2 = .96. 
(4) Corsoy hypocotyl length- 17.74 - .434F + .00733F2 - .0000413F3. 
R2 = .97. 
Inclusion of significant polynomial terms in the equations and examina­
tion of Figure 2 indicates that the greatest increases in swelling index 
and decreases in hypocotyl length occurred at the smaller force levels. 
Results of the seed size experiment are summarized in Table 1. 
Within seed size, the same pattern previously observed of decreased 
hypocotyl length and increased swelling index with increased downward 
force was noted. Again, cultivar differences were noted. Corsoy 
hypocotyl lengths were generally not significantly different regardless 
of seed size under a given force level, although the large seed size 
class had a significantly shorter hypocotyl length than small seed at 
the 0 g force level. In contrast, small and half-seed of Amsoy 71 
produced longer hypocotyl s than large seed at all force levels, sub»-
stantiating previous results of Burris et ^.(12) and Burris and Knittle 
(11). The same seed size response of hypocotyl radial enlargement to 
resistance was observed for both cultivars in that smaller seed was 
consistently associated with smaller values of the swelling index for a 
given force level. 
Figure 2. Effect of downward force on soybean hypocotyl growth 
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Table 1. Effect of seed,size and downward force on soybean hypocotyl 
growth at 25 u 
Seed Size 
Measurement Cultivar Force (g) Large Small HalfZ 
Hypocotyl 
length Corsoy 0 17.5a3 19.3b 18.5ab 
25 12.4a 11.9a 11.2a 
100 6.1a 6.0a 5.5a 
Amsoy 71 0 - 6.8a 8.9b 12.6c 
25 5.4a 7.9b 9.0b 
100 2.3a 3.3ab 4.1b 
Swelling 
index Corsoy 0 41.0b 29.0a 30.5a 
25 61.7b 44.1a 47.7a 
100 98.8b 79.7a 74.6a 
Amsoy 71 0 54.4b 40.3a 32.1a 
25 77.7b 52.1a 43.4a 
100 110.2b 86.5a 80.0a 
^Seedlings were grown for 96 hours under the given force. 
^50% retention of large seed after cotyledon excision as described 
by Burris and Knittle (11). 
^Values within variety and load followed by the same letters are not 
significantly different at P = 0.05 using Duncan's Multiple Range Test. 
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Results of the experiment designed to test temperature effects on 
the hypocotyl response to resistance are presented in Table 2. In the 
analysis of variance for both hypocotyl length and swelling index, 
neither temperature nor the force x temperature interaction was signifi­
cant. The lack of significance of the interaction indicates that 
Wayne hypocotyl growth responded similarly to resistance at the range of 
temperatures used. In addition, the regression equations developed did 
not include a significant temperature variable: 
(5) Swelling index = 34.3 + .554F. r2 = .83. 
(6) Hypocotyl length = 16.473 - .355F + .00414F^. r2 = .86. 
By dividing hypocotyl length values by length of the growth periods (120 
hours at 19 C, 96 hours at 25 C, and 70 hours at 31 C), a hypocotyl 
elongation rate for each temperature and force level was obtained 
(Table 2). The regression equation developed for this measurement 
included significant temperature variables: 
(7) Hypocotyl elongation rate (mm/hour) = .0868 - .0246F + .000452 F^ 
+ .0687T - .000568 FT. R2 = .92. 
D. Discussion 
The soybean hypocotyl appears to respond to a downward force by a 
decreased rate of elongation and an increased radial enlargement. Both 
of these responses are crucial to understanding soybean emergence under 
field conditions, since soil resistance to elongation is likely to be a 
large factor affecting emergence. The relative importance of these two 
responses may depend on the particular soil conditions encountered. 
Table 2. Effect of temperature on response of Wayne soybean hypocotyls to downward force^ 
Force 
(g)  
Temperature 
(*C) 
Hypocotyl length 
(cm) 
Swelling Index 
(mg/cm) 
Hypocotyl elongation rate 
(mm/hr) 
0 19 17.1a2 33.9a 1.43a 
25 16.3a 35.1a 1.70b 
31 16.0a 33.2a 2.29c 
10 19 13.5a 42.3a 1.13a 
25 13.8a 38.9a 1.44b 
31 12.8a 39.0a 1.83c 
50 19 9:0 a 64.1a 0.75a 
25 9.6a 61.0a 1.00b 
31 8.7a 60.6a 1.24c 
^Seedlings were grown for 120 hours at 19 C, 96 hours at 25 C, and 70 hours at 31 C. 
^Values within force followed by the same letters are not significantly different at P » 0.05 
using Duncan's Multiple Range Test. 
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Under non-crusting soil conditions, with adequate lateral support of the 
hypocotyl available, the limiting response would be hypocotyl elongation, 
and those cultivars or sizes which #ave the highest rttn of elomgmllon 
would emerge most rapidly. If, however, the hypocotyl encountered a 
strong soil crust, the radial swelling response would be more important, 
since it is known that the ability of a cylinder to support a load 
increases by the fourth power of the radius (19). Those cultivars or 
sizes which develop the largest hypocotyl diameters would be best able to 
resist buckling under the crust and the tendency to emerge would be 
enhanced. In fact, the tendency to buckle under forces greater than 100 g 
was a limiting factor for the apparatus used in the experiment. It should 
be noted that those seed sizes with small hypocotyl diameters had a 
greater tendency to buckle under large forces. Based on these data, it 
would be advisable to maximize both hypocotyl elongation rate and hypo­
cotyl diameter in a breeding program for high soybean emergence potential. 
Although the data reported here would indicate that small seed of 
cultivar 'Corsoy' had the same hypocotyl elongation rate as large seed 
under a given force level, it should be emphasized that the laboratory 
apparatus was designed to apply the force at a point on the seedling. 
In the field, however, the amount of resistance is primarily determined 
by the cross-sectional area of the cotyledons; thus, smaller seed would 
encounter less resistance and it is possible that rates of elongation 
would be higher for smaller than for larger seed. 
The regression equations presented here and obtained under laboratory 
conditions indicate that even a small amount of resistance can drastically 
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alter hypocotyl elongation and radial enlargement. Yet, there has been 
little data published on resistance values obtained in various soils. 
Arndt (2) forced a .64 cm diameter rubber-capped probe through soil 
surface seals, and found forces from 150 to 2000 g were required for 
emergence of the probe, depending on the moisture content of the seals. 
Morton and Buchele (26) reported a maximum resistance value of approxi­
mately .7 kg/cm^ for a 7.0 mm diameter point of a penetrometer that was 
forced through 7.5 cm of moist sandy loam soil of low bulk density and 
low surface compaction. If we assume a soybean cotyledon cross-sectional 
area of .35 cmf, the magnitude of the resistance factor in rate of hypo­
cotyl elongation in this particular soil would be substantial. In a 
later chapter, resistance values will be reported that were obtained under 
normal field planting conditions in a silty clay loam, and it will be 
shown that the forces encountered by emerging soybean seedlings are often 
greater than the largest force applied in this study (100 g). In addi­
tion, it will be shown that reduction in elongation rates and increase 
in radial swelling can be even more extreme in the field than in the 
apparatus used In this study. 
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III. SOYBEAN HYPOCOTYL GROWTH UNDER FIELD CONDITIONS 
A. Literature Review 
Seedling growth under field conditions is an important, yet virtually 
ignored, aspect of crop growth. The establishment of an adequate stand is 
essential for optimal yields; and the Association of Official Seed Analysts 
has included the rapidity and uniformity of seedling emergence as a 
criterion for seed vigor (4). Yet, vigor and seedling growth are commonly 
measured under laboratory conditions where most variables are controlled. 
Few studies have attempted to monitor seedling growth under conditions 
encountered in the field, and generally only emergence percentage is 
measured. Even less well-studied are those developmental characteristics 
which may enable one seedling to emerge more readily than another. 
In soybeans, the hypocotyl is probably the most critical organ 
affecting emergence, since it elevates the cotyledons and epicotyl from 
the planting depth to the soil surface. Hypocotyl growth has been well-
studied in cotton by Gamer and Bowen (17) and Wanjura and Buxton (35). 
They found that, under simulated field conditions, hypocotyl elongation 
decreased and hypocotyl diameter increased with Increasing soil resistance. 
In addition, soil temperature and moisture modified hypocotyl elongation 
rates (35). In soybeans, soil temperature has been shown to have an 
effect on the rate of hypocotyl elongation. Hatfield and Egli (22) 
showed that rate of elongation increased with Increasing temperature to 
a maximum at 30 C. In addition, some soybean cultivars have an inhibition 
of hypocotyl elongation at 25 C (11, 18, 20, 28). 
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In the previous chapter. It was shown that a downward force could 
greatly modify hypocotyl elongation and radial enlargement and that 
these measurements varied with seed size. Since rate of hypocotyl 
elongation will affect rapidity of emergence in a non-crusting situation, 
and amount of radial swelling will affect the tendency to buckle under a 
soil crust, these two hypocotyl measurements are indicative of those 
developmental characteristics which are most likely to limit soybean 
seedling emergence. 
The purpose of the study reported here was to examine soybean 
hypocotyl growth under non-limiting field conditions and, in particular, 
cultivar and seed size differences in hypocotyl elongation and radial 
enlargement. 
B. Materials and Methods 
Seed for the 1975 field experiments was secured from Clyde Black 
and Sons, Inc., Ames, Iowa, McCubbin's Seed Company, Green Mountain, Iowa, 
and the Committee for Agricultural Development, Ames, Iowa, and was har­
vested during the 1974 season. Seed for the 1976 laboratory and field 
experiments was also secured from the Committee for Agricultural Develop­
ment, and was harvested during the 1975 season. Seed was sized as pre­
viously described (Chapter II). 
Three different seed lots of high laboratory germination percentage 
of each of six cultivars — three 'long hypocotyl' cultivars, 'Corsoy',, 
'Hawkeye', and 'Wayne' and three 'short hypocotyl' cultivars, 'Amsoy 71', 
'Beeson', and 'Wells' — were selected for the 1975 field experiments. 
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Seed size was 6.3 - 7.1 mm diameter, based on round-holed screen sizing. 
The field was planted at the Iowa State University Agronomy and Agricul­
tural Engineering Research Center near Ames, Iowa. The seeds were 
planted with a conventional four-row disc-opener planter (John Deere 
Model 71), with depth bands used to control depth of planting. Two dates 
of planting were used, 12 May.1975, and 2 June 1975. One replication 
of each lot within cultlvar consisted of 100 seeds In a 3 meter row. 
Two replications were planted In each of 2 blocks, with one replication 
used for seedling growth analysis and the other replication used to 
measure seedling emergence. Two planting depths were used, 9 cm and 
6 cm on date 1 and 8 cm and 5 cm on date 2, but the plots were spatially 
separated so that depths could not be compared statistically. Prior to 
50% emergence, 10 - 15 seedlings from each replication designated for 
growth analysis were sampled by excavation and brought to the laboratory 
for hypocotyl measurements. These Included hypocotyl length from the 
radlcle-hypocotyl junction to the uppermost tip of the apical hook and 
hypocotyl fresh weight. Hypocotyl swelling was estimated by the 
previously described (Chapter II) swelling Index. Emergence of seedlings 
was recorded dally, with emergence defined as the first appearance of 
any portion of the seedling above the soil surface. Rapidity of emer­
gence was estimated by a coefficient of velocity of emergence (C.V.E.) 
after Kotowski (24) where 
A] + Ao + ... + A-
C.V.E. = 100 X A^Ti + A2T2 + ... + AJx 
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A = number of seedlings emerging 
and 
T = number of days after planting. 
In 1976 two seed sizes (5.6 mm - 6.0 mm and 6.7 mm - 7.1 mm diameter) 
of cultivars 'Amsoy 71', 'Corsoy', and 'Wayne' were planted at the Iowa 
State University Agronomy and Agricultural Engineering Research Center. 
Three planting dates were used — 5 May 1976, 21 May 1976, and 18 June 
1976. A split plot design was used with one replication of each of the 
six size x cultivar classes randomized within each of two planting depths 
which were randomized within each of four blocks in the field. A 
replication consisted of one 6 m row of 100 seeds/row for the first 
planting date, and two rows for the second and third planting dates. 
Seeds were machine planted and seedlings were sampled as before. Planting 
depths averaged 9 cm and 6 cm at dates 1 and 2 and 6.5 cm and 4.5 cm at 
date 3. 
Cross-sectional area of cotyledons of seed sizes in the 1976 
experiments was determined by using a machinist's micrometer on seed 
imbibed for 24 hours at 25 C. The cross-sectional area was assumed to 
be that within an ellipse with area = 1/2 irab where a = maximum length of 
the axis through both cotyledons and b = maximum length of the axis between 
the cotyledons and perpendicular to the elongation of the hypocotyl. 
Twenty-five seeds were measured for each size x cultivar class. 
Laboratory measurements of hypocotyl growth rate of the size x 
cultivar classes were made on seedlings grown in the dark at 25 C on 
paper towels as described by Burn's and Fehr (13). 
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C. Results 
Hypocotyl measurements of six cultivars planted in 1975 are presented 
in Table 3. Values were averaged across three seed lots for each culti-
var, although there was generally a significant seed lots within culti-
var component in the analysis of variance for the hypocotyl measurements. 
This additional source of variability was not expected since seed size 
was controlled, germination was high for all lots, and seed weight did not 
vary significantly among lots within cultivar (data not shown). The non-
uniformity of response for seed lots could retard selection procedures in 
a breeding program for a superior-emerging soybean line, but this 
restriction should be minimized as the causes of this lot response are 
determined. Preliminary data indicate that soybean seed quality may be 
strongly dependent on environmental variables during maturation, and also 
may be quite sensitive to date of harvest. 
Significant cultivar differences in hypocotyl length generally cor­
responded to the 'long' or 'short' classification based on elongation of 
the hypocotyl at 25 C (20). Differences were more pronounced at the 
deeper planting depths and later sampling dates, confirming previous 
reports that 'short' cultivars emerge well if planting depth is not 
excessive (15, 20). No consistent differences in hypocotyl lengths among 
-long' cultivars were noted, contrary to the suggestion that 'long' cul­
tivars may differ in their response to soil resistance (15). 
Hypocotyl radial enlargement was not closely aligned with 'short' 
and 'long' hypocotyl classification. Although Amsoy 71, a 'short' culti­
var, consistently had the highest values for the swelling index, and 
Table 3. Soybean hypocotyl growth at two dates of planting In 1975 
Days 
Planting 
Depth 
Hypocotyl 
classifi­
cation Cultivar 
I 
Hypocotyl 
length! 
1 
Swelling 
index? 
1 
Hypocotyl 
length 
Swelling 
index 
l3 'Short' Amsoy 71 1.32ab4 41.1a -- - -
Beeson 1.32ab 34.3a - - — 
Wells 1.27a 35.0a --
'Long' Corsoy 1.47ab 38.1a — 
Hawkeye 1.47ab 37.8a - - - -
Wayne 1.62b 35.0a - -
2 'Short' Amsoy 71 — —  — 1.93a 82.6b 
Beeson - - - - 2.03a 68.5a 
Wells - - 1.97a 72.8a 
'Long' Corsoy — —  — —  2.22ab 84.5b 
Hawkeye - - - - 2.28ab 69.6a 
Wayne - - — —  2.60b 67.4a 
^mg/cm. 
^Depth 1 = 6 cm on planting date 1 and 5 cm on date 2; Depth 2 = 
9 cm on date 1 and 8 cm on date 2. 
^Values within the same column and depth followed by the same letters 
are not significantly different at P = 0.05 using Duncan's Multiple Range 
Test. 
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after plantinq , 
date 1 
1 
Planting date 2 
8 - , 
11 
11 ,, 5 1 , 9 
1 
1 
Hypocotyl 
length 
Swelling 
index 
1 
Hypocotyl 
length 
" f 1 
Swelling 
index 
1 
Hypocotyl 
length 
1 
Hypocotyl 
length 
1 
Swelling 
index 
4.60a 99.9b —• - - 2.97a --
4.42a 72.7a —— 2.92a - - — 
4.63a 77.4a - - -- 3.07a -- — 
5.13ab 76.1a -- - - 3.67c - - --
5.07ab 76.3a -- - - 3.32b —-
5.68b 72.4a - - 3.82c -- - -
3.15a 123.7c 4.73a 131.0b 2.58a 5.86ab 129.4b 
3.48a 100.8ab 4.38a 118.4b 2.98ab 4.77a 110.Oab 
3.22a 104.4ab 4.78a 119.9b 2.77a 5.63ab 117.lab 
4.32a 117.7bc 6.28b 117.8b 3.82b 7.68c 113.9ab 
4.03a 112.5abc 6.37b 125.0b 3.42ab 7.27c 114.5ab 
4.10a 97.6a 7.77b 95.4a 3.63b 6.97bc 99.2a 
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Wayne, a 'long' cultivar, consistently had the lowest values, the other 
cultivars generally were intermediate in values and were not significantly 
different. Apparently, hypocotyl radial enlargement in the field is not 
always associated with the degree of inhibition of hypocotyl elongation at 
25 C. The swelling index, at both planting dates and depths, increased 
from a minimum value at the intial sample to a maximum at the final 
sample, indicating that average hypocotyl diameter continually increased 
with time. Also, the values for the swelling index at the 8 cm and 9 cm 
planting depth were considerably higher than those encountered under 50 g 
force using the downward force apparatus in the laboratory (Chapter II), 
indicating that seedling growth in the field may be strongly influenced 
by soil resistance. 
Table 4 presents values for emergence percentage and coefficient of 
velocity of emergence averaged across seed lots. Emergence percentage 
was affected by cultivar at the deeper planting depths; 'long' cultivars 
generally had higher emergence percentage than 'short' cultivars, again 
substantiating previous work (15). Rapidity of emergence differed 
according to 'long' and 'short' hypocotyl classification at the second 
planting date at both planting depths. 
Correlation coefficients of hypocotyl length and swelling index at 
the final sample and the coefficient of velocity of emergence for each 
planting date and depth and all 18 seed lots are presented in Table 5. 
As expected, there was a strong correlation of hypocotyl length with 
rapidity of emergence, indicating that this hypocotyl measurement may be 
the limiting one in a non-crusting situation. Hypocotyl swelling index 
Table 4. Emergence percentage and coefficient of velocity of emergence of six soybean cultivars 
at two planting dates in 1975 
Depth of planting 
Planting date 1 ^ ^ Planting date 2 
6 cm , . 9 cm , , 5 cm , , 8 cm 
Hypocotyl 
Classifi­
cation Cultivar Emergence? C.V.E. Emergence C.V.E. Emergence C.V.E. Emergence C.V.E. 
'Short' Amsoy 71 74.2a2 9.98a 32.3a 6.93ab 85.7a 12.18a 65.3a 7.72a 
Beeson 75.3a 9.75a 49.3ab 6.28a 91.8a 12.38a 78.8ab 7.70a 
Wells 77.5a 9.65a 41.8a 6.00a 92.8a 13.26ab 83.8b 8.10ab 
'Long' Corsoy 82.7a 10.68a 64.8bc 7.68ab 94.3a 14.34b 86.0b 9.87c 
Hawkeye 87.2a 10.48a 72.3c 7.30ab 92.4a 14.27b 86.4b 9.41bc 
Wayne 80.2a 11.03a 62.8bc 8.40b 86.2a 14.42b 71.9ab 10.11c 
^Percentage. 
^Values within column followed by the same letters are not significantly different at P = 0.05 
using Duncan's Multiple Range Test. 
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Table 5. Correlation coefficients of coefficient of velocity of emergence 
and final hypocotyl measurements prior to emergence for 18 seed 
lots 
Measure- Planting Planting Coefficient of Hypocotyl 
ment date depth velocity of emergence length 
Hypocotyl 
length 1 6 cm 
9 cm 
.52* 
.73** 
2 5 cm 
8 cm 
.72** 
.57** 
Swelling 
index 1 6 cm -.10 -.11 
9 cm -.50* -.70** 
2 5 cm — - - -
8 cm -.41 -.23 
•Indicates significance at P = 0.05. 
••Indicates significance at P = 0.01. 
was not consistently negatively correlated with either C.V.E. or hypocotyl 
length, indicating that it is possible for a hypocotyl to have both a 
rapid rate of elongation and a substantial hypocotyl diameter. In fact, 
'long' hypocotyl cultivars 'Corsoy' and 'Hawkeye' generally had high 
values for both length and swelling. 
The 1976 experiment was designed so that hypocotyl measurements at 
different depths could be statistically compared. Table 6 lists hypo­
cotyl swelling index values for the six size x cultivar classes. The 
Table 6. Soybean hypocotyl swelling index (mg/cm) for three cultivars and two seed sizes planted in 
1976 
I Days after planting I 
^ Planting date 1 ^ ^ Planting date 2 ^ ^ Planting date 3 ^ 
Depth Cultivar Size 5 10 14 4 8 9 2 4 5 
ll Amsoy 71 Small 
Large 
58.9C2 
61.2c 
84.8c 
116.6d 
44.1b 
51.4c 
95.1c 
114.7d 
41.7bc 
46.2c 
67.7b 
79.0c 
Corsoy Small 
Large 
47.6ab 
56.8c 
69.1b 
87.5c 
- - 37.5a 
41.9b 
69.2a 
98.5c 
-  - 36.5ab 
39.2b 
57. 4a 
66.3b 
--
Wayne Small 
Large 
43.3a 
49.4b 
56.8a 
67.0b 
- - 37.6a 
42.6b 
69.4a 
80.4b 
-  - 31.8a 
42.7bc 
51.7a 
66.3b - -
2 Amsoy 71 Small 
Large 
64.4b 
73.6c 
108.7c 
138.2e 
107 
161 
.8b 
.2d 
47.7bc 
55.6d 
106.0b 
137.Od 
106.9c 
151.2d 
50.2bc 
52.6c 
90.4c 
104.Id 
86.0b 
111.4d 
Corsoy Small 
Large 
58.1b 
62.3b 
94.6b 
121.2d 
94 
134 
.2a 
.9c 
41.8a 
49.6c 
92.6a 
115.9c 
86.9a 
111.9c 
44.5ab 
47.7abc 
75.3ab 
89.2c 
78.3b 
98.4c 
Wayne Small 
Large 
48.0a 
57.1b 
85.4a 
101.5bc 
92 
111 
.5a 
.lb 
41.1a 
45.5b 
86.3a 
104.5b 
81.4a 
99.2b 
42.2a 
51.Obc 
70.8a 
80.1b 
66.4a 
84.7b 
^Depth 1 = 6 cm for planting dates 1 and 2 and 4.5 cm for date 3; Depth 2 = 9 cm for dates 
1 and 2 and 6.5 cm for date 3. 
^Values within column and depth followed by the same letters are not significantly different at 
P = 0.05 using Duncan's Multiple Range Test. 
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depth of planting source of variation in the analysis of variance was 
significant for all planting dates and samples, with the 9 cm and 6.5 cm 
depth in all cases giving higher values for the swelling index than the 
shallower depths. In addition, there were distinct cultivar and size 
differences. Small seed of the same cultivar had a significantly lower 
swelling index than large seed at nearly all samples, with the largest 
differences occurring at the final samples prior to emergence. In addi­
tion, within seed sizes, the cultivar 'Amsoy 71' had higher values for 
the swelling index than Corsoy which generally had higher values than 
Wayne. The differences between large-seeded Amsoy 71 and Wayne were sub­
stantial — the final sample at planting date 2 resulted in values of 
151.2 mg/cm for Amsoy 71 and 99.2 mg/cm for Wayne. Conversion of these 
values to average hypocotyl radii (see Chapter II) gave 2.19 m and 
1.78 irni, respectively. 
Table 7 presents hypocotyl length data for the six cultivar x size 
classes in 1976. Depth of planting did not significantly affect hypocotyl 
length for planting date 1, but this source of variation was significant 
in the analysis of variance of the samples taken at planting dates 2 and 
3. At the first sample for these two dates, hypocotyl lengths were sig­
nificantly shorter at the shallow planting depth, probably due to moisture 
stress, but at the second sample, hypocotyl lengths were significantly 
shorter at the deeper planting, possibly due to the effects of soil resis­
tance. There was a significant seed size x cultivar interaction for 
hypocotyl length in that small seed of Amsoy 71 and Corsoy generally 
Table 7. Soybean hypocotyl lengths (cm) for three cultivars and two seed sizes planted in 1976 
I Days after planting j 
I Planting date 1 | ^ Planting date 2 ^ ^ Planting date 3 | 
Depth Cultivar Size 5 10 14 4 8 9 2 4 5 
1^ Amsoy 71 
Corsoy 
Wayne 
2 Amsoy 71 
Corsoy 
Wayne 
Small 1.37a2 
Large 1.24a 
Small 1.40a 
Large 1.38a 
Small 1.32a 
Large 1.39a 
Small 1.26a 
Large 1.25a 
Small 1.37ab 
Large 1.43bc 
Small 1.43bc 
Large 1.55c 
4.67b — 
4.00a 
4.79b 
4.92bc 
5.32c —— 
5.27bc — 
4.54b 7.44b 
3.91a 6.81a 
5.24c 8.28c 
4.19ab 7.41b 
5.43c 8.19c 
5.10c 8.13c 
1.05a 4.88b 
1.18ab 4.13a 
1.07a 5.88cd 
1.16ab 5.52c 
1.18ab 6.12d 
1.26b 6.15d 
1.05a 4.29b 
1.29b 3.68a 
1.27b 5.03c 
1,36b 4.26b 
1.29b 5.29c 
1.36b 5.14c 
0.81ab 
0.81ab 
0.93ab 
0.91ab 
0.73a 
1.00b 
6.63b 1.06a 
4.88a 1.07a 
7.59d 1.16a 
7.07c 1.15a 
8.06e 1.16a 
7.98de 1.20a 
3.23b 
2.81a — 
3.24b 
3.38b 
3.43b 
3.48b — 
2.75b 5.51bc 
2.44a 4.68a 
3.19c 5.82c 
2.86b 5.06ab 
3.18c 5.92c 
2.96bc 5.90c 
^Depth 1 = 6 cm for planting dates 1 and 2 and 4.5 cm for date 3; Depth 2 = 9 cm for dates 
1 and 2 and 6.5 cm for date 3. 
^Values within column and depth followed by the same letters are not significantly different at 
P = 0.05 using Duncan's Multiple Range Test. 
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developed longer hypocotyls than large seed, but hypocotyl length was 
unaffected by seed size in Wayne. The performance of small vs. large 
seed in Amsoy 71, a 'short' cultivar, has been reported previously (11, 
12) and has been attributed to a possible lower level of inhibitor of 
hypocotyl elongation at 25 C in the smaller seed. The superior perfor­
mance of small-seeded Corsoy, a 'long' cultivar, could be attributed to 
the smaller cross-sectional area of the cotyledons relative to large 
seed (.303 cm^ vs. .428 cmf), which would tend to lessen the effect of 
soil resistance. However, a more plausible explanation may be a dis­
similarity in growth rate between small- and large-seeded Corsoy in this 
particular seed lot (Table 8). The field observation that there were no 
differences in Wayne hypocotyl lengths due to seed size is probably also 
explained by these results (Table 8), since growth rates of the two sizes 
did not differ significantly in the laboratory. 
D. Discussion 
These data along with those reported previously (Chapter II) may 
have important implications for a soybean breeding program to select 
superior emerging lines. It appears that both of the hypocotyl charac­
teristics considered limiting to emergence — rate of elongation and 
diameter — have distinct genetic variability which could be utilized to 
select a type with rapid rate of elongation and maximal hypocotyl 
diameter. These do not appear to be mutually exclusive characteristics, 
since a large hypocotyl cross-sectional area would not contribute largely 
to decreased rate of elongation due to soil resistance. Generally, it 
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Table 8. Hypocotyl lengths (cm) of soybean cultivars and sizes used in 
1976 when grown on paper towels in the dark at 25 C 
Days after planting 
I 1 
Cultivar Size 3 5 7 9 
Amsoy 71 Small 2.58ab1 8.05b 10.39b 11.86b 
Large 2.33a 5.12a 7.58a 9.14a 
Corsoy Small 3.12c 11.52d 20.70d 25.82d 
Large 2.86bc 8.54b 18.03c 22.40c 
Wayne Small 2.96bc 10.69cd 19.24cd 22.38c 
Large 2.72abc 9.64bc 18.48c 22.29c 
^Values within days after planting followed by different letters are 
significantly different at P = 0.05 using Duncan's Multiple Range Test. 
was found that variation in hypocotyl lengths in the field closely coin­
cided with the response of the cultivars to 25 C in the laboratory, but 
that hypocotyl swelling was not so closely aligned with this temperature 
response. 
From the data presented here, it appears that seed size is a large 
factor affecting hypocotyl diameter, in addition to its already-documented 
(11, 12) effect on rate of hypocotyl elongation in 'short' hypocotyl cul­
tivars. Small seed was shown in the previous chapter to develop hypo­
cotyl s with smaller diameters than large seed under the same amount of 
downward force; in addition, in the field, small seed would necessarily 
encounter less force because of a smaller cotyledonary cross-sectional 
area. Thus, hypocotyl diameter differences due to seed size may tend to 
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be magnified under field conditions. Using the final hypocotyl sample 
from the 9 cm and 6.5 cm planting depth at each planting date in 1976, 
the ratios of hypocotyl swelling of small-seeded to large-seeded Corsoy 
were .70, .78, and .78, whereas in the downward force apparatus of the 
pervious chapter, the ratio under 100 g force was .81. 
Cultivar and seed size differences in hypocotyl diameter could be 
critical in a seed-bed situation where crusting occurred at the soil 
surface. Since the tendency for a cylinder to resist buckling under a 
load increases by the fourth power of the radius (19), there could be a 
large difference in emergence efficiency between seed sizes and cultivars 
in a crusting situation. The significantly smaller hypocotyl diameters 
of small seed may encourage the use of larger seed in areas where soil 
crusting is a general problem. In fact, the minimal difference in 
hypocotyl lengths between small and large seed of 'long' cultivars may 
justify the use of large seed in all planting situations involving these 
cultivars, since rapidity of emergence i* probably not significantly 
affected. Additional work is needed to test these hypotheses. Also 
worthy of additional study is the possible production practice of deeper 
planting in soils where surface crusting is a common problem, since 
hypocotyl swelling consistently increased with time in this study. 
The soybean hypocotyl appears to have the capability to alter its 
rate of elongation and amount of radial swelling in response to a given 
soil situation, so that there may be no specific shape or emergence force 
for a seedling, as has been suggested by some workers (3, 38, 39) without 
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specifying the particular soil conditions encountered by the seedling. 
In this study, different soil conditions created by different depths of 
planting were shown to significantly affect hypocotyl growth, but specific 
soil factors causing the differences in growth were not identified. Soil 
resistance would certainly be expected to be one limiting factor, since 
the growth of the hypocotyls in the field in this study was dissimilar to 
that normally obtained in the laboratory on paper towels or other minimal-
resistance medium. For example, hypocotyl diameters of field-grown 
seedlings generally exceeded 3 mm, whereas hypocotyls of seven-day old 
seedlings on paper towels generally have diameters of 1 to 2 ran. But, 
there are other soil variables besides resistance which undoubtedly con­
tribute to hypocotyl growth; a mathematical model for hypocotyl growth 
which identifies specific soil limiting factors is therefore needed. In 
the past, seedling growth in the controlled environment of the laboratory 
has been used extensively to predict seedling growth under field condi­
tions in numerous germination and emergence models. In the next chapter 
the development of regression equations for soybean hypocotyl elongation 
rate based solely on field data will be reported. The specific contribu­
tion of soil moisture, temperature, and resistance and hypocotyl length 
as variables in the equations will be examined. 
37 
IV. REGRESSION EQUATIONS FOR RATE OF SOYBEAN HYPOCOTYL 
ELONGATION USING FIELD DATA 
A. Literature Review 
The development of mathematical models for seed germination and 
seedling growth has recently been recognized as a valuable technique for 
prediction of emergence and identification of limiting conditions in the 
field. Blacklow (8, 9, 10) developed a model for imbibition, germination, 
and radicle and shoot elongation in corn which predicted germination and 
emergence in an environment of changing temperatures as would be encoun­
tered under field conditions. Wanjura and co-workers (33, 34, 35, 36, 37) 
developed a detailed model for cotton germination and emergence which 
depended on input of several soil physical properties: temperature, 
physical inpedence, and moisture. A winter wheat emergence model was 
recently developed by Lindstrom et (25) and used soil temperature, 
water potential, and depth of planting in the predictive equations. In 
soybeans, a model for seedling growth has been limited to that developed 
by Hatfield and Egli (22) who used soil temperature and hypocotyl length 
as variables to predict rate of hypocotyl elongation and seedling 
emergence from a specified planting depth. 
All of these models were developed by the input of data collected on 
seed imbibition and/or germination and seedling growth under controlled 
laboratory conditions where variables were alternately held constant or 
varied in fixed amounts. After predictive equations were obtained, the 
model was generally tested in the field by comparing predicted versus 
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actual values for emergence percentage or time of emergence, and with 
varying levels of success. In the study reported herein, the approach 
taken to model development was dissimilar to that mentioned previously. 
Data were collected on soybean hypocotyl growth under field conditions 
only, where soil temperature, moisture, and resistance were constantly 
fluctuating. The periodic measurements of these variables were then used 
to develop predictive regression equations for rate of hypocotyl elonga­
tion. 
Previous chapters have shown that soybean hypocotyl growth is 
affected by downward force and planting depth (possibly soil resistance). 
Yet the only model in the literature for soybean hypocotyl growth rate 
(22) was developed by using data from seedlings grown on paper towels in 
the laboratory, and paper towels can be considered to be a minimal-
resistance medium. Thus, the purpose of this study was not only to 
develop regression equations for rate of soybean hypocotyl elongation 
under field conditions, but also to evaluate the contribution of soil 
resistance as a variable in a model. 
B. Materials and Methods 
1^ Experimental design and seedling sampling 
Seed of cultlvar 'Wayne' was secured from the Committee for Agricul­
tural Development, Ames, Iowa, and was harvested during the 1975 season. 
Uniformly-sized seed was obtained by passage through a 0.71 mm, but reten­
tion on a 0.67 mm, round-holed screen. 
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The experimental fields were planted at the Iowa State University 
Agronomy and Agricultural Engineering Research Center near Ames, Iowa, in 
a Nicollet-Webster silty clay loam. Seed was machine-planted with a 
conventional four-row disc-opener planter (John Deere Model 71), with 
depth bands used to control depth of planting. Five dates of planting 
were used over a 2-year period in an attempt to create variability in 
soil conditions and to simulate the soybean planting season in the Corn 
Belt. These dates of planting were 5 May 1976, 21 May 1976, 18 June 1976, 
10 May 1977, and 1 June 1977. At the first date of planting only, a com­
paction treatment was applied to a portion of the seedbed; two gauge wheels 
of the planter supporting 140 kg were driven at 8 km/hr on alternate rows 
of the field. Two depths of planting were used, 6 cm and 9 cm, but those 
rows receiving the compaction treatment averaged 4.5 cm and 7.5 cm after 
treatment. One hundred seeds in a 6 m row were planted In each of four 
replications for each compaction x depth treatment. At all other dates of 
planting, four replications of two 6 m rows containing 100 seeds per row 
were planted for each of two planting depths. Planting depths averaged 6 cm 
and 9 cm for the 21 May 1976 planting, 4.5 cm and 6.5 cm for 18 June 1976, 
and 5 cm and 8 cm for 10 May 1977 and 1 June 1977. 
At a recorded number of hours following planting, and prior to 50% 
emergence, seedling samples were brought to the laboratory for hypocotyl 
measurements. A sample consisted of 10 seedlings from each of the four 
replications for each depth x compaction treatment. Hypocotyl lengths 
were measured from the radicle-hypocotyl junction to the uppermost tip of 
the apical hook. Hypocotyl elongation rate (HER) in nm/hr was calculated 
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by dividing the change in hypocotyl length from the previous sample by 
the number of hours of the growth interval. Mean depth for the elon­
gating portion of the hypocotyl daring a growth interval was assumed to be 
the planting depth for the first growth interval at each planting date, and 
initial hypocotyl length + final hypocotyl length 
planting depth -( 2 )+ 1 cm 
for all other growth intervals. The 1 cm increment was added to account 
for the assumptions that soil resistance would act primarily in the region 
of greatest cotyledonary cross-sectional area and that soil temperature 
would most affect the region of rapid elongation of the hypocotyl 
immediately below the apical hook. 
2^ Measurement of soil physical properties 
^ Soil temperature Soil temperature was measured hourly with a 
24-channel Honeywell recorder using thermocouple leads. The junctions 
were placed at 2.54 cm, 5.08 cm, and 10.16 cm depth in the planting row, 
and temperature for each compaction treatment was monitored separately. 
Soil temperature-depth profiles were compiled for the entire seedling 
growth period prior to 50% emergence, and the average tonperature at mean 
depth for a particular growth interval was estimated by linear inter­
polation of the profiles. 
b. Soil moisture Moisture percentage of soil samples from the 
planting rows was determined on an oven-dry weight basis. Samples were 
obtained by using a stainless steel soil core sampler; the soil core 
obtained was divided into 2.54 cm portions, with the number of portions 
depending on planting depth. Only that layer of soil at seed depth and 
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above was sampled. A sample consisted of 16 randomly-obtained soil cores 
of the planting row for each compaction treatment. Samples were obtained 
at least once every 72 hours and more often if environmental conditions 
changed drastically. Soil moisture percentage at mean depth for a 
particular growth interval was determined by linear interpolation of 
moisture percentage-depth profiles. Although moisture data were compiled 
in this study on a percentage basis, there is sufficient literature 
available (7, 16, 30) for approximate conversion of these data to bars of 
moisture tension for this particular soil type. 
Cj_ Soil resistance Soil resistance in kg/cmP was measured with 
the soil cone penetrometer and supporting apparatus diagrammed in Figure 
3. The penetrometer itself was modeled after the recommendation of the 
American Society of Agricultural Engineers (1) with a 30® circular 
stainless steel cone, base area .38 cm^, and driving shaft of diameter 
.55 cm and length 8.70 cm. The penetrometer was mounted on a U-shaped 
support which was mounted on a Chatillon push-pull gauge measuring force 
in .045 kg (.1 lb) increments up to 4.54 kg. The scale, support, and 
cone penetrometer were raised by hand-cranking a 1.58 cm (.625 in) 
threaded rod through a threaded follower connected to the gauge. A 
tripod stand supported the entire assembly. 
The apparatus was positioned adjacent to a vertical shaft dug in 
the soil with a lateral tunnel of approximately 10 cm length formed under 
the planting row (Figure 3). A sufficient soil layer (9 cm) above the 
tip of the penetrometer remained undisturbed. This layer was then 
measured for soil resistance by raising the penetrometer at approximately 
Figure 3. Soil cone penetrometer apparatus used to measure 
soil resistance in the field 
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.25 cm per second through the soil mass. This apparatus is believed to be 
the first to incorporate a penetrometer which is raised, rather than 
lowered, through the soil, and may more closely estimate resistance 
encountered by emerging seedlings than the devices of previous workers 
(5). 
Soil resistance was measured at four locations in the experimental 
plot for each compaction treatment. Measurements were obtained at least 
once every 72 hours and more often if environmental conditions changed 
drastically. Resistance at mean depth for a particular growth interval 
was estimated by linear Interpolation of the resistance-depth profiles. 
3^ Statistical analysis 
Mean HER during 35 growth Intervals was used as the dependent vari­
able in regression equations. The best regression equation was selected 
by using the minimum R^ Improvement technique (6) in which the "best" one-
variable, two-variable, . . . , n-vanable equations were found. The 
"best" equation was defined as that with the largest R^. The number of 
variables Included in the reported regression equations was the largest 
possible without a non-significant (P = 0.05) partial F-test for a b 
coefficient. The intention of the model-bullding procedure was predic­
tive, rather than explanatory; thus, in some cases, quadratic and cross-
product terms were included in the equations without corresponding linear 
terms. 
C. Results 
Soil temperature-, moisture percentage-, and resistance-depth 
profiles for the five planting dates are given In the Appendix. Means 
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of HER and several soil and growth variables for the 35 growth intervals 
are presented in Table 9. A sufficient range of values was obtained for 
all these variables by the use of different planting dates and treatments. 
Mean hypocotyl length ranged from 0.34 cm to 6.56 cm, time after planting 
from 24 hr to 262 hr, mean depth from 2.37 cm to 9.00 cm, soil moisture 
at mean depth from 13.39% to 24.16%, soil moisture in the upper 10 cm of 
soil from 14.29% to 24.02%, soil resistance from 0.32 kg/cm^ to 6.02 
kg/cm^, soil temperature from 13.3 C to 28.1 C, and HER from 0.095 mm/hr 
to 1.069 mm/hr. 
Growth interval numbers 1, 4, 8, 10, 14, 17, 21, 23, 26, 28, 31, and 
32 were those between the date of planting and the initial seedling 
sample, when hypocotyl length averaged 1.1 cm. Because factors affecting 
initial water uptake, germination, and initial hypocotyl elongation 
probably differ from those affecting subsequent hypocotyl elongation, a 
separate correlation and regression analysis was performed for these 12 
growth intervals, hereafter called the germination phase (GP) and the 
remaining 23 growth intervals, hereafter called the elongation phase (EP). 
A comparison of correlation coefficients (Table 10) substantiates these 
separate analyses. Whereas moisture percentage at mean depth was highly 
positively correlated with HER during GP, these variables were highly 
negatively correlated during EP. Also, temperature and resistance at 
mean depth were not significantly correlated with HER during GP, but were 
during EP. 
Selection of independent variables for regression equations was 
based on these correlations and models of previous workers. Independent 
Table 9. Means of soybean hypocotyl elongation rate and soil and growth 
interval variables 
Treatment 
Growth inter­
val number 
Planting 
depth (cm) 
Compac­
tion 
Mean hypocotyl 
length (cm) 
Interval midpoint 
(hours after planting) 
1 6.0 0.70 58 
2 2.37 140 
3 4.31 199 
4 9.0 0.78 58 
5 2.39 140 
6 4.16 199 
7 6.20 262 
8 4.5 (+) 0.69 58 
9 2.47 140 
10 7.5 (+) 0.73 58 
11 2.26 140 
12 3.81 199 
13 5.26 262 
14 6.0 0.63 46 
15 2.18 117 
16 4.63 165 
17 9.0 0.68 46 
18 2.06 117 
19 3.95 165 
20 6.56 205 
21 4.5 0.50 26 
22 2.24 73 
23 6.5 0.60 26 
24 2.08 73 
25 4.43 108 
26 5.0 0.34 36 
27 1.97 94 
28 8.0 0.67 36 
29 2.45 94 
30 4.66 132 
31 5.0 0.00 24 
32 8.0 0.56 24 
33 1.65 61 
34 2.86 85 
35 4.85 110 
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Mean Soil moisture Soil moisture Soil resis- Soil tern- Hypocotyl 
depth % at mean % in upper 10 tance perature elongation 
(cm) depth cm of soil (kg/cm^) (*[) rate (mm/hr) 
6.00 19.98 16.45 2.47 14.4 .120 
4.63 18.82 16.74 1.17 18.8 .426 
2.69 18.08 20.16 0.42 14.2 .267 
9.00 21.89 16.45 5.31 14.0 .134 
7.61 21.04 16.74 2.88 18.1 .363 
5.84 22.07 20.16 1.71 14.4 .261 
3.80 24.00 24.02 1.18 13.3 .413 
4.50 20.27 17.67 2.69 14.6 .118 
3.03 15.32 17.28 1.08 19.1 .476 
7.50 21.57 17.67 6.02 14.3 .126 
6.24 20.77 17.28 4.80 18.4 .346 
4.69 21.45 20.65 2.98 14.4 .211 
3.24 24.59 24.35 1.06 13.3 .258 
6.00 23.57 22.02 3.24 14.7 .137 
4.82 22.61 21.72 1.91 18.5 .383 
2.37 17.57 19.95 0.32 20.7 .635 
9.00 23.83 22.02 4.99 14.8 .148 
7.94 23.52 21.72 3.89 17.9 .292 
6.05 21.89 19.95 2.26 18.0 .496 
3.44 19.03 19.65 0.64 20.1 .848 
4.50 24.16 21.73 1.30 21.4 .192 
3.26 18.93 20.98 0.54 22.9 .636 
6.50 24.88 21.73 2.13 20.8 .231 
5.42 23.72 20.98 1.48 22.5 .451 
3.07 15.09 18.44 0.48 25.5 .948 
5.00 18.65 16.40 0.86 19.5 .095 
4.02 16.18 15.79 0.52 22.9 .580 
8.00 20.82 16.40 1.51 18.9 .186 
6.55 20.33 15.79 1.23 22.0 .501 
4.34 19.04 17.50 0.61 23.3 .674 
5.00 13.39 14.29 0.72 22.8 .000 
8.00 18.56 14.29 2.57 22.3 .233 
7.35 17.65 14.29 2.41 23.5 .438 
6.14 15.54 14.29 1.77 26.5 .565 
4.15 10.25 14.29 0.51 28.1 1.069 
Table 10. Correlation coefficients of hypocotyl elongation rate with several soil and growth 
interval variables during two phases of seedling growth 
Soil moisture Soil moisture Soil Soil 
Phase of Hours after Hypocotyl Mean % at mean % in upper 10 resis- tempera-
seedling growth planting length depth depth cm of soil tance ture 
Germination 
phase (n = 12) 
-.24 .56 .36 .67* .37 .08 .15 
Elongation 
phase (n » 23) -. 33 .32 -.36 -.72** -.40 -.56** .78** 
^Significance at P = 0.05. 
**Significance at P » 0.01. 
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variables selected for possible inclusion in the equation for HER during 
GP were soil moisture percentage (M) and temperature (T) at mean depth as 
well as m2, T^, and WT. Mean hypocotyl length (L) and soil resistance 
(R) and temperature (T) at mean depth, as well at L^, R^, T^, lR, LT, and 
RT, were selected as possible independent variables in the equations for 
HER during EP. 
The regression equation selected as best for HER during GP is given 
by Equation (8). 
(8) HER = -1.396 + .T26M - .00275 + .00375 T^. R2 = 86. 
Predicted values of HER for several levels of soil moisture and tempera­
ture are presented in Figure 4. The equation predicts an increase in HER 
with an increase in soil temperature or moisture percentage. Rate of 
elongation is most affected at lower moisture percentages; when greater 
than 20%, the increase in HER is not substantial. The equation also 
predicts that some hypocotyl growth will occur at 0 C if moisture percen­
tage is high, and that HER will increase indefinitely with an increase 
in temperature. It should be noted, however, that it is extremely mis­
leading to consider predicted values in a range beyond that encountered 
in the experimental data (14). But, the equation should predict well 
within soil moisture values of 13% and 25% and temperatures of 14 C and 
22 C. These values represent the extremes encountered in five planting 
dates over two years in a particular soil type. Although the equation 
would appear to have limited use because of the narrow range of tempera­
tures encountered, it should be noted that these are average temperatures 
Figure 4. Predicted values of hypocotyl elongation rate 
during the germination phase using Equation 8 
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for a growth Interval, and that temperature maxima approached 30 C and 
minima approached 5 C. Also, it is possible that the extremes in constant 
temperature usually tested in the laboratory (0 to 40 C) may not be 
encountered often in the field, and thus the equation may be valid for 
most planting conditions. 
HER during EP was best predicted by Equation (9): 
(9) HER = .612 - .313 L + .1210 + .0110 LT - .00201 RT. R2 = .95. 
Predicted values of HER for several levels of hypocotyl length, soil 
temperature, and soil resistance are presented in Figure 5. Generally, 
an increase in hypocotyl length or soil temperature is associated with an 
increase in HER, but the distinct length x temperature interaction can 
be seen by observing the differences in slopes of the lines in Figure 5 
(a), (b), and (c). An increase in soil resistance decreases HER, but 
there is a definite temperature x resistance interaction in that rate of 
elongation is decreased by a large increment at high temperature and 
resistance. The equation predicts a minimal HER below 10 C and an 
indefinite increase in HER with increasing temperature and increasing 
hypocotyl length, but again it is not statistically valid to extrapolate 
beyond those values for the soil variables measured in this experiment. 
0. Discussion 
These regression equations, developed entirely from data collected 
under field conditions, generally substantiate previous models developed 
by other workers under laboratory conditions. Soil temperature was shown 
to be a limiting variable during the intial stages of soybean seed 
Figure 5. Predicted values of hypocotyl elongation rate 
during the elongation phase using Équation 9 
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germination and hypocotyl elongation, confirming the work of Hatfield and 
Egli (22) in soybeans and Blacklow (8, 9, 10) in corn. In addition, the 
inclusion of soil moisture as a variable corroborates the models of 
Wanjura (33) and Wanjura and Buxton (37) in cotton and Lindstrom et 
(25) in winter wheat who found that both temperature and moisture were 
limiting to germination. The significance of soil resistance as a 
variable in a model for hypocotyl growth has been previously demonstrated 
by Wanjura and Buxton (33, 37) in cotton, but has not previously been 
included in a model for soybean hypocotyl growth. Hypocotyl length and 
soil temperature, however, were clearly demonstrated to be limiting 
variables in the model of Hatfield and Egli (22) for soybean hypocotyl 
elongation rate, and the regression equations developed here for EP also 
included these two variables. 
Although the usefulness of these equations may be limited somewhat by 
the lack of data at the extremes of the variables measured, it is likely 
that they would be adequate for most soil conditions encountered during a 
normal soybean planting season. In incorporating these equations into a 
model to predict soybean emergence, it is suggested that time to 50% 
emergence be estimated by hourly computation of HER and a knowledge of 
planting depth. Equation 8 should be used until predicted hypocotyl 
lengths are greater than T.O cm, when Equation 9 should be used. When 
predicted hypocotyl length equals planting depth, then 50% emergence would 
also be predicted. 
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There are some major differences in predicted hypocotyl elongation 
rate between this study and that of Hatfield and Egli (22). In this 
study, generally smaller values were predicted for HER at a given tempera­
ture and length. For example, at T = 25 C and L = 5 cm. Equation 9 
predicts a maximum HER of .94 mm/hr when R = 0 for cultivar 'Wayne', 
whereas the predicted values for cultivars 'Lee 68' and 'Cutler' using 
Hatfield and Egli's equations at the same length and temperature are 
approximately 1.4 mm/hr and 1.2 mm/hr when resistance is minimal (paper 
towels). Although different cultivars were used in their study, this fact 
cannot account for the rate differences because Wayne apparently has a 
rate of elongation on paper towels similar to that of the other two 
cultivars; i.e. Table 8 of Chapter III would predict a HER of approxi­
mately 1.4 mm/hr at a temperature of 25 C and length of 5 cm. Instead, 
it appears that soil resistance may have been a large modifying factor 
in predicting HER under field conditions. 
The soil type used in this experiment, a Nicollet-Webster silty clay 
loam, is not considered a particularly heavy soil, yet extremely large 
values for soil resistance were generally obtained in transversang the 
soil layer immediately above seed level. Barley and Greacen (5) 
elaborated on the difficulties in converting cone penetrometer values 
for resistance to those encountered by an emerging seedling, yet because 
the stainless steel cone is of relatively ideal shape for piercing the 
soil, it can probably be assumed that these resistance values would be a 
minimum for those encountered by the soybean seedling. Assuming the 
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average cotyledonary cross-sectional area (Chapter III) for the seed 
size used in this study to be .42 cm^ and average hypocotyl radius to 
be .15 cm, total average soybean seedling cross-sectional area would be 
.49 cmf. An estimate of downward force in grams (F) encountered by the 
seedling can then be estimated by multiplying soil resistance values in 
Table 1 by .49 cm? x 1000. Clearly, the seedlings in this study 
encountered forces much greater than the maximum downward force (100 g) 
used in the laboratory study in Chapter II, even when the seedling 
approached the soil surface. 
The regression equation for HER during EP can be converted to 
Equation (10): 
(10) HER = .612 - .313 L + .0210 + .0110 LT - .00000401 FT. R2 = .95. 
Comparison of predicted values of the equations developed in the labora­
tory and field are shown in Figure 6 for a 25 C isotherm. Since the 
smallest force measured in the field at mean depth was .32 kg/cm^ x 
.49 cm^ = 157 g, it is not valid to extrapolate to smaller forces such as 
were used in the laboratory; thus, the HER intercept at F = 0 is not 
meaningful. But, from the laboratory equation, it is apparent that the 
greatest reduction in HER occurred at the lower end of the force axis, 
and, from the field equation, it is apparent that at higher forces the 
reduction in HER was less substantial. This may explain the minimal 
differences in hypocotyl lengths between small and large seed of Wayne 
reported in the previous chapter. Even though cotyledonary cross-
sectional area was less in small seed (.32 cm^ vs. .42 cmf), the reduc­
tion in force encountered by the smaller seedling would have caused a 
minimal reduction in HER. 
Figure 6. Hypocotyl elongation rate at 25 C as predicted by equations developed 
in the laboratory and field 
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The modifying effect of soil resistance on HER has yet to be demon­
strated for soil types other than that used here, but it would seem that 
unless extremely shallow planting depths and/or sandy soils were used, 
this variable is one that would be generally limiting for soybean 
hypocotyl growth. Certainly, these results should discourage attempts 
to predict hypocotyl growth in the field by using laboratory growth data 
where resistance was not measured, and should prompt study on the effects 
of soil resistance on epicotyl and coleoptile growth. Further, the 
elucidation of soil resistance as a factor limiting the rapidity of 
emergence of soybeans should encourage selection for genotypes which 
perform well under resistance conditions. 
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V. SUMMARY 
Increasing resistance to soybean hypocotyl elongation was found to 
decrease rate of elongation and increase the amount of hypocotyl radial 
swelling. In 'long' hypocotyl cultivars, there was no effect of seed 
size on hypocotyl lengths regardless of the amount of resistance en­
countered, but small seed consistently developed hypocotyls with smaller 
diameters than large seed under a given resistance level. In 'short' 
hypocotyl cultivars, the 25 C inhibition of hypocotyl elongation was 
independent of the response to resistance, and the differences in radial 
swelling among seed sizes were again observed. Small seed of 'short' 
hypocotyl cultivars consistently developed longer hypocotyls than large 
seed in the laboratory at 25 C and in the field, regardless of the 
amount of resistance encountered. 
Soil resistance was found to be a significant factor affecting rate 
of hypocotyl elongation under field conditions. Soil resistance, mois­
ture, and temperature and hypocotyl length were included as variables in 
regression equations to predict rate of hypocotyl elongation in the field. 
The modifying effects of soil resistance on soybean hypocotyl 
growth should discourage attempts to predict seedling growth in the field 
by using laboratory data obtained in mini mal-resistance media. In 
addition, the variability in hypocotyl lengths and radial swelling 
observed in cultivars and seed sizes should encourage selection proce­
dures for these hypocotyl characteristics considered critical for high 
soybean emergence potential. 
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VIII. APPENDIX 
Table 11. Soil moisture percentage-depth profiles for 35 growth intervals 
in 1976 and 1977* 
rth interval 
Depth 
1.27 cm 3.81 cm 6.35 cm 8.89 cm 
1 6.3b 17.3 20 ;4 21.8 
2 6.9 17.9 20.7 21.4 
3 15.5 20.2 22.6 22.5 
4 6.3 17.3 20.4 21.8 
5 6.9 17.9 20.7 21.4 
6 15.5 20.2 22.6 22.5 
7 22.3 24.0 25.2 24.6 
8 8.0 19.5 21.4 21.8 
9 7.9 18.6 20.9 21.7 
10 8.0 19.5 21.4 21.8 
11 7.9 18.6 20.9 21.7 
12 17.2 21.0 22.3 22.2 
13 23.9 24.8 24.8 23.9 
14 18.5 22.5 - - - -
15 17.8 22.2 - - • — 
16 15.1 20.8 
17 18.3 22.1 23.8 23.8 
18 17.8 22.0 23.5 23.5 
19 15.2 20.0 22.1 22.5 
20 14.5 19.8 21.9 22.3 
21 11.4 22.0 - -
22 9.4 21.6 ». 
23 13.3 23.9 24.9 24.9 
24 12.0 23.1 24.2 24.7 
25 6.9 18.5 23.5 24.9 
26 6.0 16.6 20.5 22.5 
27 7.6 18.3 21.7 22.4 
28 6.0 16.6 20.5 22.5 
29 7.6 18.3 21.7 22.4 
30 7.6 18.3 21.7 22.4 
31 3.9 13.4 18.7 21.0 
32 3.9 13.4 18.7 21.0 
33 4.7 14.0 17.6 21.1 
34 4.7 14.0 17.6 21.1 
35 4.7 14.0 17.6 21.1 
*Each value is the mean of t6 soil cores. 
Values are expressed as per cent moisture as determined by the oven-
dry weight method. 
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Table 12. Soil temperature (®C)-depth profiles for 35 growth intervals in 
1976 and 1977® 
Depth 
Growth interval 2.54 cm 5.08 cm 10.16 cm 
1 14.9 14.6 13.8 
2 18.6 18.6 17.5 
3 14.2 14.4 14.4 
4 14.9 14.6 13.8 
5 18.6 18.6 17.5 
6 14.2 14.4 14.4 
7 12.7 12.8 12.7 
8 15.0 14.5 14.1 
9 19.2 18.6 17.8 
10 15.0 14.5 14.1 
11 19.2 18.6 17.8 
12 14.4 14.4 14.5 
13 12.7 12.7 12.8 
14 14.4 14.7 14.8 
15 18.8 18.4 17.5 
16 20.7 20.4 19.7 
17 14.6 14.7 14.9 
18 19.1 18.6 17.4 
19 20.8 20.4 19.6 
20 20.3 19.7 18.7 
21 21.7 21.3 20.4 
22 22.9 22.8 22.6 
21 21.6 21.0 20.4 
24 22.5 22.5 22.4 
25 25.6 24.7 23.5 
26 — 19.4 18.4 
27 23.7 22.3 21.1 
28 — 19.4 18.4 
29 23.7 22.3 21.1 
30 24.6 22.8 
31 — 22.8 22.0 
32 — —  22.8 22.0 
33 — 24.1 22.7 
34 — 26.8 25.2 
35 29.1 27.4 
3Each value is the mean of four replications. 
Table 13. Soil resistance (kg/cm2)-depth profiles for 35 growth inter­
vals in 1976 and 1977* 
Depth 
(cm) 
Growth 
1,4 2,3,5,6 7 8,10 9,11,12 13 14 15 16 17 
.25 .12 .18 .35 .27 .25 .35 .21 .21 .21 .18 
.51 .12 .18 .35 .30 .27 .35 .21 .21 .21 .24 
.76 .12 .18 .35 .39 .37 .35 .27 .24 .21 .24 
1.02 .15 .18 .35 .41 .52 .35 .33 .27 .21 .27 
1.27 .15 .19 .35 .47 .52 .35 .45 .34 .24 .33 
1.52 .18 .24 .47 .57 .57 .59 .45 .34 .24 .41 
1.78 .18 .25 .47 .59 .59 .83 .45 .35 .27 .45 
2.03 .18 .30 .71 .68 .65 .94 .51 .41 .33 .51 
2.29 .18 .34 .83 .74 .72 1.06 .59 .46 .33 .57 
2.54 .30 .39 .94 .86 .78 1.06 .63 .47 .33 .71 
2.79 .39 .45 .94 .98 .92 1.06 .71 .58 .45 .92 
3,95 .45 .48 .94 1.10 1.07 1.06 .80 .64 .47 1.12 
3.30 .53 .58 .94 1.33 1.55 1.06 .98 .78 .59 1.51 
3.56 .63 .72 1.06 1.51 1.82 1.06 1.18 .94 .71 1.65 
3.81 .86 .87 1.18 1.71 1.96 1.18 1.48 1.12 .77 1.71 
4.06 1.16 .96 1.18 2.04 2.18 1.30 1.69 1.29 ..89 1.86 
4.32 1.39 1.06 1.18 2.40 2.47 1.30 1.92 1.51 1.10 1.92 
4.57 1.59 1.16 1.30 2.81 2.77 1.30 2.12 1.71 1.30 2.10 
4.83 1.77 1.25 1.42 3.19 3.22 1.30 2.36 1.92 1.48 2.16 
5.08 1.92 1.36 1.42 3.58 3.87 1.30 2.66 2.28 1.89 2.16 
5.33 2.12 1.46 1.42 4.19 4.18 1.30 2.95 2.67 2.40 2.40 
5.59 2.28 1.59 1.53 4.96 4.32 1.65 3.13 3.02 2.93 2.57 
5.84 2.60 1.71 1.65 5.17 4.52 1.77 3.07 3.13 3.19 2.83 
6.10 2.87 1.94 1.77 4.29 4.72 2.36 3.34 3.45 3.54 3.01 
6.35 3.19 2.07 1.89 5.35 4.87 3.30 3.22 
6.60 3.72 2.24 1.89 5.76 4.96 4.01 3.34 
6,86 3.89 2.37 2.01 5.76 5.07 4.01 3.63 
7.11 4.07 2.53 2.01 5.99 5.12 4.13 3.93 
7.37 4.17 2.64 2.01 6.02 5.13 4.13 4.05 
7.62 4.31 2.89 2.01 6.02 5.12 4.13 4.17 
7.87 4.31 3.00 2.01 4.80 
8.13 4.31 3.00 2.12 4.84 
8.38 4.84 3.16 2.12 4.96 
8.64 4.84 3.16 5.04 
8.89 5.31 3.15 4.99 
9.14 5.31 4.99 
®Each value is the mean of at least four replications. 
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interval 
18 19 20 21,22 23 24,25 26-30 31-35 
.21 .22 .21 .12 .18 ..17 .12 .12 
.24 .22 .21 .15 .18 .17 .12 .12 
.24 .21 .15 .18 .18 .12 .12 
.25 .22 .21 .15 .21 .19 .12 .12 
.30 .24 .21 .18 .21 .21 .12 .12 
.40 .32 .24 .21 .30 .27 .15 .12 
.44 .33 .24 .24 .30 .30 .17 .12 
.47 .37 .30 .24 .35 .35 .17 .12 
.50 .38 .33 .24 .35 .35 .17 .12 
.59 .42 .39 .27 .39 .40 .19 .12 
.71 .46 .41 .35 .45 .47 .22 .15 
.86 .54 .51 .45 .45 .47 .27 .21 
1.09 .63 .59 .57 .51 .54 .30 .33 
1.22 .73 .68 .65 .57 .66 .34 .41 
1.29 .79 .71 .80 .68 .77 .46 .45 
1.46 .93 .80 1.10 .83 .89 .53 .47 
1.60 1.16 1.00 1.24 1.00 1.00 .60 .57 
1.76 1.25 1.10 1.33 1.18 1.13 .71 .63 
1.86 1.27 1.27 1.30 1.23 .84 .68 
1.95 1.66 1.59 1.48 1.36 .87 .74 
2.12 1.81 1.77 1.57 1.46 .93 .92 
2.30 2.03 2.01 1.63 1.51 .99 1.16 
2.53 2.23 2.24 1.86 1.75 1.05 1.36 
2.61 2.28 2.34 1.98 1.86 1.10 1.75 
2.75 2.41 2.54 2.07 1.96 1.17 1.95 
2.90 2.56 2.69 2.18 2.11 1.24 2.12 
3.13 2.77 2.93 1.29 2.16 
3.49 3.10 3.16 1.29 2.30 
3.58 3.10 3.10 1.35 2.42 
3.63 1.13 3.16 1.40 2.54 
3.89 3.15 3.30 1.48 2.57 
3.88 3.13 3.34 1.53 2.57 
3.89 3.10 3.36 1.53 2.57 
3.91 3.26 3.74 1.53 2.57 
4.15 3.52 3.74 2.57 
4.15 3.52 3.74 
